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Cercarial dermatitis, also known as swimmer’s itch, is an allergenic skin reaction followed by intense itching caused by schisto-
some cercariae penetrating human skin. Cercarial dermatitis outbreaks occur globally and are frequently associated with fresh-

water lakes and are occasionally associated with marine or estuarine waters where birds reside year-round or where migratory
birds reside. In this study, a broadly reactive TagMan assay targeting 18S rRNA gene (ribosomal DNA [rDNA]) sequences that
was based on a genetically diverse panel of schistosome isolates representing 13 genera and 20 species (the 185 rDNA TagMan
assay) was developed. A PCR assay was also developed to amplify a 28S rDNA region for subsequent sequencing to identify schis-
tosomes. When applied to surface water samples seeded with Schistosoma mansoni cercariae, the 18S rDNA TagMan assay en-
abled detection at a level of 5 S. mansoni cercariae in 100 liters of lake water. The 18S rDNA TagMan and 28S rDNA PCR se-
quencing assays were also applied to 100-liter water samples collected from lakes in Nebraska and Wisconsin where there were
reported dermatitis outbreaks. Avian schistosome DNA was detected in 11 of 34 lake water samples using the TagMan assay.
Further 28S rDNA sequence analysis of positive samples confirmed the presence of avian schistosome DNA and provided a pre-
liminary identification of the avian schistosomes in 10 of the 11 samples. These data indicate that the broadly schistosome-reac-
tive TagMan assay can be effective for rapid screening of large-volume water samples for detection of avian schistosomes,
thereby facilitating timely response actions to mitigate or prevent dermatitis outbreaks. Additionally, samples positive by the
18S rDNA TaqMan assay can be further assayed using the 28S rDNA sequencing assay to both confirm the presence of schisto-

somes and contribute to their identification.

nrecent years, waterborne outbreaks of cercarial dermatitis, also

known as swimmer’s itch, have increasingly been reported
worldwide (1-11). Cercarial dermatitis is caused by free-swim-
ming cercariae of avian and mammalian schistosomes emerging
from snails that penetrate and die within human skin, causing an
inflammatory immune response (12). The symptoms are clini-
cally recognized by initial erythema and cutaneous itch and then
subsequent macular and papular eruptions (12, 13). Although
several factors can favor the presence of thriving snail populations
and increase the risk of dermatitis outbreaks, one specific circum-
stance that contributes is the prolonged presence of high-density
bird populations in lakes, resulting in eutrophication due to the
feces deposited in the water (8, 14). Eutrophication encourages
the growth of aquatic vegetation, providing an abundance of food
and thus increasing the snail and wild bird populations needed to
support the schistosome life cycle (10, 15).

There are more than 100 species of schistosomes in 14 recog-
nized genera, with new genera and species still being reported (16,
17). Schistosomes have a two-host life cycle, with a mammal or
bird definitive host and an aquatic snail intermediate host. Cer-
carial dermatitis is caused by both mammalian and avian schisto-
somes, though most cases reported involve avian schistosomes
(18). Most adult avian schistosomes live in the mesenteric and
portal vessels of aquatic birds and produce eggs that are excreted
in bird feces. One exception is Trichobilharzia regenti, which lives
and produces eggs in the nasal passages of birds in Europe (19).
Once in the water, the eggs hatch and release miracidia that infect
the snail host. Miracidia transform into primary sporocysts within
the snails, and these produce daughter sporocysts in which cercar-
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iae are produced. Cercariae are released or shed from snails and
are the free-swimming infective stage. Normally, these cercariae
would penetrate the skin of wild birds, often waterfowl. However,
when human skin is exposed to cercaria-contaminated water, the
cercariae penetrate. This happens because avian schistosomes are
attracted to general fatty acids shared by both avian and mamma-
lian skin (20-22). Because humans are an inappropriate host of
avian schistosomes, the parasites die in the skin and host immune
responses to them cause dermatitis. The schistosome genus
Trichobilharzia is most often implicated in swimmer’s itch out-
breaks not just in North America but also worldwide (8, 23).
About 40 species of Trichobilharzia have been recognized and are
reported mostly from ducks (3). Here it must be noted that species
of Trichobilharzia are often assumed to be the cause of outbreaks,
even though no specific means of identification have been pro-
vided. It is prudent to consider that any schistosome may be ca-
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pable of causing dermatitis, and as several schistosome genera are
widely distributed around the world (23), further discrimination
of the genera and species involved in causing specific outbreaks is
needed.

Outbreaks of cercarial dermatitis can have significant eco-
nomic repercussions on the local water recreation industry within
affected communities, as beaches and recreational areas are often
closed to protect public health. There is a need for research efforts
to develop water testing and molecular tools to enable state public
health and natural resources agencies to investigate suspected out-
breaks. This in turn will lead to a better understanding of avian
schistosome ecology in lakes that are repeated sources of swim-
mer’s itch outbreaks and to the development of interventions to
prevent them. The current practice of identification of avian schis-
tosomes relies on conventional PCR (3, 24, 25) and has certain
limitations for routine diagnosis due to the necessary product
confirmation step using agarose gel electrophoresis, which may
result in carryover contamination. In 2002, Hertel et al. (26) de-
veloped a conventional PCR method for the detection of avian
schistosomes, and the reported assay was evaluated with surface water
samples by Schets et al. (27). Real-time PCR assays offer several ad-
vantages for the rapid detection of parasites over conventional PCR,
including closed-tube amplification, high throughput, rapid amplifi-
cation times, and elimination of the need for post-PCR manipula-
tion. Currently, no real-time PCR assays for the detection of avian
schistosomes have been published, and there is a pressing need for the
development of a highly sensitive real-time PCR-based assay for the
detection of the low numbers of cercariae often present in water sam-
ples.

The present study focuses on the development of an 185 rRNA
gene (ribosomal DNA [rDNA])-specific PCR-based assay, to de-
tect avian schistosomes in water samples, coupled with a fol-
low-up 28S rDNA-specific PCR and sequencing, to identify the
schistosomes to the species or genus level. This study capitalizes
on vouchered museum specimens collected from five different
continents to provide a comparison of the most diverse panel of
avian schistosome genera accumulated to date. The new molecu-
lar testing methodology was used in studies of two lakes, one in
Nebraska and one in Wisconsin, with a history of reported swim-
mer’s itch cases.

MATERIALS AND METHODS

Schistosome specimens for assay development. The real-time PCR assay
was developed using a panel of 21 isolates of schistosomes. Schistosomes
and two other nonschistosome species used for the study were derived
from the collections of and were characterized by the Division of Parasites,
Museum of Southwestern Biology, University of New Mexico. The avian
schistosomes were avian schistosome B, avian schistosome C, avian schis-
tosome D, Allobilharzia visceralis, Anserobilharzia brantae, Austrobilharzia
variglandis, Ornithobilharzia canaliculata, California cercariae, Dendrito-
bilharzia pulverulenta, Gigantobilharzia huronensis, Trichobilharzia phy-
sellae, Trichobilharzia querquedulae, Trichobilharzia stagnicolae, Trichobil-
harzia sp. strain A, Trichobilharzia sp. strain E, Trichobilharzia sp. strain C,
and Trichobilharzia nasal species similar to T. regenti. The mammalian
schistosomes were Schistosomatium douthitti, Schistosoma nasale, and
Schistosoma spindale. This collection represents a total of 13 genera and 20
species of schistosomes. Additionally, DNA from cercariae from two spe-
cies of common, nonschistosome trematodes was also used in this study:
an Echinoparyphium sp. (Echinostomatidae) and a strigeid trematode
(Strigeidae). Cercariae of the human schistosome Schistosoma mansoni
obtained from CDC were also included in the study. For testing of the
specificity of the TagMan assay, DNA samples extracted from three spe-
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cies of laboratory-raised noninfected snails were also examined: Helisoma
trivolvis (Planorbidae), Physa acuta (Physidae), and Radix auricularia
(Lymnaeidae). DNA extracts from the parasitic nematode Angiostrongylus
cantonensis and some of its snail/slug hosts, including Achatina fulica, a
Pomacea sp., Zachrysia provisoria, Alcadia striata, Bulimulus guadalupen-
sis, Bradybaena similaris, Veronicella cubensis, a Pallifera sp., Euglandina
rosea, and Parmarion martensi, were also tested. The specificity panel also
included DNA extracts from the parasites Necator americanus, Strongy-
loides stercoralis, a Taenia sp., Trichuris trichiura, Ascaris lumbricoides,
Ascaris suum, Balamuthia mandrillaris, Naegleria fowleri, Acanthamoeba
keratitis, Toxoplasma gondii, Entamoeba histolytica, Entamoeba dispar,
Cryptosporidium parvum, and Giardia duodenalis. For schistosome,
strigeid, and echinostome specimens, DNA was extracted from nine eth-
anol-preserved cercariae or a portion of adult worms using HotShot lysis
(28).

Sequence analysis of 18S rDNA fragment. Prior to development of
the 18S rDNA-specific TagMan assay (the 18S rDNA TagMan assay), all
isolates were sequenced to identify conserved regions among avian schis-
tosomes for the design of primers and probes. A pair of primers (primer
18S-JVSQF [ACGGGTAACGGGGAATCA, positions 371 to 388] and
primer 18S-JVSQR [ACTTCGGATCCGAAAACCAACA, positions 970
to 949]) was designed to obtain sequence data from schistosome DNA to
identify the conserved region for the TagMan assay. The real-time PCR
was performed using an intercalating dye (SYTO 9) to monitor fluores-
cence during amplification. The real-time PCR assay mixture consisted of
a 20-p final reaction volume containing TagMan environmental master
mix (version 2.0) PCR buffer (Life Technologies, Grand Island, NY) with
0.25 wM each forward primer (18S-JVSQF) and reverse primer (18S-
JVSQR), 1.25 pM SYTO 9, and 2 pl DNA sample. The amplification
reaction conditions were 10 min at 95°C, followed by 50 cycles of dena-
turation for 15 s at 95°C and annealing for 40 s at 60°C and then fluores-
cence acquisition at the end of annealing for the monitoring of the fluo-
rescent signal during the amplification. The amplified products were
purified from 23 isolates and sequenced using Sanger DNA sequencing
(GeneWiz, South Plainfield, NJ). The amplified PCR product was se-
quenced with forward sequencing primer 18S-JVSQP (TTCGATTCCGG
AGAGGGAGCCT, specific for residues 392 to 413, or approximately 570
bp). The positions indicated above are based on the Allobilharzia visceralis
sequence with GenBank accession number EF114220.

Design of TagMan assay. On the basis of the 185 rDNA sequence
information and alignment for 23 DNA samples obtained using Clone
Manager software (version 9), a TagMan assay was manually designed to
target a highly conserved region. The primers and probe were designed in
the homologous region to maximize the detection of cercariae (Fig. 1),
resulting in amplification of a 154-bp fragment of the 18S rDNA region.
The sequences of the forward primer (primer JVSF), reverse primer
(primer JVSR), and TagMan probe (JVSP) were AGCCTTTCAGCCGTA
TCTGT (positions 742 to 761), AGGCCTGCCTTGAGCACT (positions
895 to 878), and 5'-TCGGGAGCGGACGGCATCTTTA-3" (positions
841 to 862), respectively. The positions in parentheses are based on the Al-
lobilharzia visceralis sequence with GenBank accession number EF114220.
The TagMan probe was labeled with 6-carboxyfluorescein (FAM) at the
5" end and with black hole quencher 1 (BHQ-1) at the 3" end. The de-
signed primers and probe were evaluated for specificity through BLAST
searches of the sequences in the GenBank database for comparison with
target sequences.

Evaluation of TagMan assay. The TagMan assay was evaluated for
specificity using a set of genomic DNA extracts from 21 schistosome and
2 nonschistosome isolates. The TagMan assay mixture consisted of a
20-pl final reaction volume containing TagMan environmental master
mix (version 2.0) PCR buffer with 0.25 wM each forward and reverse
primers, 0.1 uM TagMan probe, and 2 pl DNA sample. The amplification
reactions for the TagMan assay were performed on an ABI 7500 (Applied
Biosystems, CA) platform. Cycling conditions were as follows: 10 min at
95°C, followed by 45 cycles of denaturation for 15 s at 95°C and annealing
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Forward Primer

Allobilharzia visceralis AGCCTTTCAGCCGTATCTGT
CA cercariae ex. Haminoea AGCCTTTCAGCCGTATCTGT
Austrobilharzia variglandis AGCCTTTCAGCCGTRIICTGT
Avian Schistosome C AGCCTTTCAGCCGTATCTGT
Schistosoma nasale AGCCTTTCAGCCGTRICTGT
Gigantobilharzia hurcnensis AGCCTTTCAGCCGTATCTGT
Dendritobilharzia pulverulenta AGCCTTTCAGCCGTATCTGT
Schistosomatium douthitti AGCCTTTCAGCCGTRICTGT
Trichobilharzia physellae AGCCTTTCAGCCGTATCTGT
Ansercobilharzia brantae AGCCTTTCAGCCGTATCTGT
Schistosoma mansoni AGCCTTTCAGCCGTRIICTGT
Trichobilharzia querquedulae AGCCTTTCAGCCGTATCTGT
Trichobilharzia stagnicolae - AGCCTTTCAGCCGTATCTGT
Avian Schistosome D AGCCTTTCAGCCGTATCTGT
Avian Schistosome B AGCCTTTCAGCCGTATCTGT
Trichobilharzia sp. A AGCCTTTCAGCCGTATCTGT
Trichobilharzia sp. E AGCCTTTCAGCCGTATCTGT
Ornithobilharzia canaliculata AGCCTTTCAGCCGTRICTGT
Trichobilharzia sp. C AGCCTTTCAGCCGTATCTGT
Trichobilharzia sp. tr AGCCTTTCAGCCGTATCTGT
Schistosoma spindale AGCCTTTCAGCC cTaT

Echinostomatidae: Echinoparyphium [TccTTTdTedTG
Strigeidae AGCCTTTCAGCC

CcTGT

cT6E]

Detection of Avian Schistosomes in Water Samples

TagMan Probe Reverse Primer

~~~~~~ TCGGGAGCGGACGGCATCTTTA « + - - - AGTGCTCAAGGCAGGCCT
~~~~~ TCGGGAGCGGACGGCATCTTTA «++ -+ + AGTGCTCAAGGCAGGCCT
''''' TCGGGAGCGGACGGCATCTTTA « -+« « -+ AGTGCTCANRGCAGGCCT
''''' TCGGGAGCGGACGGCATCTTTA « -+ - - - AGTGCTCAAGGCAGGCCT
'''''' TCGGGRRCGGACGGCATCTTTA « -« -+ AGTGCTCAARGCAGGCCT
----- TCGGGAGCGGACGGCATCTTTA « - - - - - AGTGCTCAAGGCAGGCCT
----- TCGGGAGCGGACGGCATCTTTA - - -+ -+ AGTGCTCAAGGCAGGCCT
""" TCGGGAGCGGACGGCATCTTTA «« -« -+ AGTGCTCAABRCAGGCCT
------ TCGGGAGCGGACGGCATCTTTA - - - - - - AGTGCTCAAGGCAGGCCT
------ TCGGGAGCGGACGGCATCTTTA « -+ - - - - AGTGCTCAAGGCAGGCCT
~~~~~ TCGGGAGCGGACGGCATCTTTA « -« -« -+ AGTGCTCAABRCAGGCCT
~~~~~ TCGGGAGCGGACGGCATCTTTA «++ - -+ AGTGCTCAAGGCAGGCCT
~~~~~~ TCGGGAGCGGACGGCATCTTTA « -+ - - - - AGTGCTCAAGGCAGGCCT
''''' TCGGGAGCGGACGGCATCTTTA « - - - - - AGTGCTCAAGGCAGGCCT
"""" TCGGGAGCGGACGGCATCTTTA -« - - - - AGTGCTCAAGGCAGGCCT
------ TCGGGAGCGGACGGCATCTTTA « - - - -+ AGTGCTCAAGGCAGGCCT
----- TCGGGAGCGGACGGCATCTTTA -« - - - - AGTGCTCAAGGCAGGCCT
------ TCGGGAGCGGACGGCATCTTTA «« -« -+ AGTGCTCANAGCAGGCCT
----- TCGGGAGCGGACGGCATCTTTA « « - - -+ AGTGCTCAAGGCAGGCCT
------ TCGGGAGCGGACGGCATCTTTA « -+ - - - - AGTGCTCAAGGCAGGCCT
~~~~~~ TCGGGAGCGGACGGCATCTTTA «+ - - -+ AGTGCTC AGGCCT
""" TCGAAGHCGGACAGC A eeeees AGTGCTC AGGCCT
"""" TCGGGRRCETACGGC A AGTG(TC?IEEAGGCCE

FIG 1 Alignment of highly conserved regions of schistosome 18S rDNA sequences for determination of the sequences of the primers and TagMan probe used
in the study. The actual sequence of the reverse primer is 5'-AGGCCTGCCTTGAGCACT-3'. Mismatched nucleotides are shown in boxes. The dots between

sequences represent gaps in the sequence alignment.

for 40 s at 60°C and then fluorescence acquisition at the end of annealing for
the monitoring of the fluorescent signal during the amplification. For repro-
ducibility, triplicate samples were tested at each dilution. Negative controls
were included for every reaction setup. The detection limit was established on
the basis of the highest dilution with a positive signal. A sample was consid-
ered positive on the basis of the cycle threshold (C;) values. The sample was
considered negative if the C;- value was 40 or higher.

The sensitivity of the TagMan assay was evaluated using a standard
curve prepared using two sets of stocks containing 1, 2, 5, and 10 cercariae.
Known numbers of S. mansoni cercariae were counted using microscopy
and harvested into 1.5-ml microcentrifuge tubes containing 500 wl of
100% ethanol. Into each tube containing 1, 2, 5, or 10 S. mansoni cercariae
was mixed an equal amount of 2X lysis buffer (universal nucleic acid
extraction [UNEX] buffer; Microbiologics, St. Cloud, MN) containing
proteinase K for DNA extraction, followed by bead beating and DNA
purification using a silica spin column, as previously reported (29). Schis-
tosome DNA was eluted with 100 wl of TE (Tris-EDTA), and 2 pl was
assayed by real-time PCR (18S rDNA TagMan assay). Thus, the cercaria
equivalent per PCR mixture was 1/50 of the number of cercaria in each
stock used for the standard curve analyses. All DNA specimens were as-
sayed in duplicate.

28S rDNA sequencing assay for avian schistosome identification. A
pair of primers (primer 28S-JVSQF [GTCTGCTTGTCRGTGCACTTTC,
positions 565 to 586] and primer 28S-JVSQR [ACATGTTAAACTCCTT
GGTCCGTGT, positions 954 to 930]) was designed to obtain sequence
data from the 21 schistosome and 2 nonschistosome isolates, snail DNA,
and water samples to confirm that the TagMan assay could detect the
various schistosome species. This primer pair targets a region of the 285
rDNA sequence (~390 bp) for identification of the cercariae to the species
level. The positions presented in parentheses above are based on the se-
quence of Gigantobilharzia melanoidis (GenBank accession number
JX875068). Real-time PCR was performed using an intercalating dye
(SYTO 9). The real-time PCR assay mixture consisted of a 20-wl final
reaction volume containing TagMan environmental master mix (version
2.0) PCR buffer with 0.25 pM each forward primer (28S-JVSQF) and
reverse primer (28S-JVSQR), 1.25 uM SYTO 9, and 2 pl DNA sample.
The amplification reaction conditions were as follows: 10 min at 95°C,
followed by 50 cycles of denaturation for 20 s at 95°C and annealing for 40
s at 60°C and then fluorescence acquisition at the end of annealing. The
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products amplified from 23 isolates were purified and sequenced using
Sanger DNA sequencing (GeneWiz, South Plainfield, NJ). The amplified
product was sequenced using primer 28S-JVSQP (TCACCACGACCGG,
positions 596 to 608). Sequencing results that contained any ambiguous
bases or double peaks were discarded. The sequences of the PCR products
were subjected to a BLAST search and were assigned to a genus or species
only when similarity scores of 95% or above were obtained.

To provide further orientation regarding the identity of unknown
schistosomes from environmental samples, sequences were placed in a
phylogenetic tree constructed using a maximum likelihood algorithm in
PAUP* (version 4.0b10) (30) and the sequences of avian schistosome
species available in GenBank.

Detection of cercariae in water samples using DEUF and TagMan
assay. One hundred-liter water samples (turbidity, 90 nephelometric tur-
bidity units) were collected from Murphey Candler Park (MCP) Lake in
Atlanta, GA. Schistosoma mansoni cercariae were counted by microscopy
and seeded into 100-liter water samples at levels of 1,000, 12, 5, and 1
cercariae. Replicate experiments were performed at each seed level (except
at the level of 1,000 cercariae), as well as for background (nonseeded)
samples. Water samples were concentrated by dead-end ultrafiltration
(DEUF) as previously described (31). The 500-ml back-flush solution was
further concentrated by centrifugation for 30 min at 4,000 X g. After
removing the supernatant, the volume of the resuspended pellets was ~4
ml. A portion of 750 pl from each pellet was subjected to the nucleic acid
extraction procedure described by Hill et al. (29). Briefly, this method was
comprised of (i) lysis using a chaotropic buffer, proteinase K, and bead
beating and (ii) separation and purification of DNA using a silica spin
column and a polyvinylpolypyrrolidone (PVPP) spin column (Zymo-
Spin IV-HRC column; Zymo Research Corporation, Orange, CA), result-
ing in a final extracted nucleic acid volume of 100 pl in TE buffer. The
PCR mixtures included 5 .l of the extracted DNA, 2X TagMan environ-
mental master mix (version 2.0; Life Technologies, Grand Island, NY),
primers (0.25 uM each), a probe (0.1 uM) for 18S rDNA or 1.25 uM
SYTO 9 dye for 28S rDNA, nonacetylated bovine serum albumin (400
ng/pl), T4 phage gene 32 protein (25 ng/l), and water, which was added
so that the final volume was 50 wl. Each PCR master mix also included a
TagMan exogenous internal positive control (IPC; Life Technologies,
Grand Island, NY) for quality control (identification of false-negative
results and evaluation of potential PCR inhibition). PCR was performed
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FIG 2 Photo of Mormon Island Lake, Nebraska, on 14 March 2013 showing tens of thousands of migrating snow geese. The sand beach recreational area is shown

on the far side of the lake.

under the following thermal cycling conditions for both targets: an initial
denaturation step at 95°C for 10 min and 45 cycles of amplification (95°C
for 10 s, 60°C for 40 s). Duplicate PCR assays were performed for each
water sample.

Application of molecular assays to lake water samples. In 2012, sus-
pected cases of swimmer’s itch associated with lakes in Nebraska and
Wisconsin were reported to CDC. Water samples were collected from the
beaches of known swimming areas at both lakes to determine if schisto-
some cercariae could be detected in the water of the lakes associated with
the reported cases. Three water samples were collected from Mormon
Island Lake, Nebraska, in June 2012, and four water samples were col-
lected from Twin Lake, Wisconsin, in August 2012. At each sampling
location, a 100-liter water sample was filtered in the field through a Rex-
eed-25 SX dialyzer (Asahi Kasei Medical, Japan) using dead-end ultrafil-
tration (31). Ultrafilters (i.e., dialyzers) were chilled, shipped to the ana-
Iytical laboratory at CDC (Atlanta, GA), and processed within 24 h of
sampling. The ultrafilters were flushed according to the method of Smith
and Hill (31), resulting in concentrated samples with an average volume
of approximately 450 ml. The samples were further concentrated by cen-
trifugation at 4,000 X g for 30 min. The DNA in the pelleted sample was
extracted using a commercially available 2X lysis buffer (UNEX buffer;
Microbiologics, St. Cloud, MN) and a bead beating procedure as previ-
ously reported (29), and 5 pl of the DNA extract was assayed by the
TagMan assay targeting the 18S rDNA and the 28S rDNA assay for se-
quencing, in duplicate. Any environmental samples that were positive by
the 18S rDNA TagMan assay (samples with C;. values of 40 or less) were
subjected to 28S rDNA amplification for sequencing.

In March 2013, the 42-acre (170,000-m?) Mormon Island Lake was
visited over a 3-week period by tens of thousands of migrating geese (Fig.
2). Over the course of 3 months (from approximately April to June), CDC
and the Nebraska Central District Health Department collaborated to
systematically monitor when cercariae could be detected and identify the
schistosome species in the lake samples. Snails and 50-liter ultrafiltration
water samples were collected from 28 March to 24 June 2013. Ultrafiltered
samples were collected every 2 weeks from three sites along the swimming
beach. At the time of sample collection, observations of the quantity of
geese, snails, and fish beds were also recorded. A snail specimen collected
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from Mormon Island Lake was identified as Physa acuta on the basis of the
morphology. Water samples were analyzed by PCR (the 18S rDNA Tag-
Man assay and 28S rDNA assay for sequencing) in duplicate, and 28S
rDNA from positive samples was sequenced to identify the avian schisto-
some species. In 2014, Mormon Island Lake did not experience the usual
large goose migration seen in previous years. Nevertheless, incidents of
suspected swimmers itch were reported beginning in May. Water samples
for filtration, concentration, and PCR were collected in May and June to
verify whether cercariae could be detected.

Nucleotide sequence accession numbers. The schistosome and non-
schistosome 28S rDNA sequences obtained in this study (see Table 1) have
been deposited in the GenBank database under accession numbers
KP734292 to KP734314, corresponding to the list of isolates in Table 1.

RESULTS

Design of TagMan assay on the basis of 18S rDNA sequence
analysis. The array of schistosome species used in this study cov-
ers much of the breadth of diversity in the Schistosomatidae (23)
available, including seven known and four not yet fully character-
ized avian schistosome genera and seven distinct Trichobilharzia
lineages. The schistosomes in these samples represented both the
major basal and derived avian schistosome clades and included
species from both marine and freshwater habitats with represen-
tation from multiple continents. Mammalian schistosomes from
both North America and Asia implicated in causing dermatitis
were also included. All of the 23 cercarial isolates were initially
sequenced for verification based on real-time PCR amplification
with SYTO 9 and a pair of primers (18S-JVSQF/18S-JVSQR) tar-
geting the 18S rDNA region. On the basis of sequence analysis,
primers and probes (TagMan) that anneal to highly conserved
regions of 18S rDNA were designed (Fig. 1).

Specificity of 185 rDNA TagMan assay. The 18S rDNA Tagq-
Man assay generated C;-values for each isolate ranging from 19 to
33 (Table 1). No cross-reactivity with DNA extracted from Echi-
noparyphium, strigeid cercariae, noninfected freshwater snails
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TABLE 1 Real-time PCR results and C;. values for evaluating the specificity of the 18S and 28S rDNA PCR assays

Cy value

Specimen 18S rDNA 28S rDNA SYTO 9
identification no. Isolate TagMan assay sequencing assay
MSB:Para:18550 Allobilharzia visceralis W246 19.5 20.9
MSB:Para:18669 California cercariae ex. Haminoea sp. strain W324 21.3 25.3
MSB:Para:18534 Austrobilharzia variglandis W357 32.8 25.7
MSB:Para:18681 Avian schistosome C W403 25.6 32.0
MSB:Para:19069 Schistosoma nasale W439 32.9 29.3
MSB:Para:18697 Gigantobilharzia huronensis W446 19.3 21.5
MSB:Para:18702 Dendritobilharzia pulverulenta W499 24.5 26.3
MSB:Para:19073 Schistosomatium douthitti W514 32.8 26.5
MSB:Para:18657 Trichobilharzia physellae W235 20.9 222
MSB:Para:14743 Anserobilharzia brantae W331 26.3 29.6
CDC Schistosoma mansoni 25.0 19.9
MSB:Para:18588 Trichobilharzia querquedulae W154 21.0 21.4
MSB:Para:18650 Trichobilharzia stagnicolae W222 23.6 24.9
MSB:Para:18683 Avian schistosome D W405 25.3 26.3
MSB:Para:18688 Avian schistosome B W409 30.2 31.4
MSB:Para:18706 Trichobilharzia sp. A W511 19.2 19.8
MSB:Para:18618 Trichobilharzia sp. E W337 21.8 23.9
MSB:Para:18542 Ornithobilharzia canaliculata W393 27.6 21.7
MSB:Para:18563 Trichobilharzia sp. C W174 23.2 25.7
MSB:Para:19072 Trichobilharzia sp. strain tr W7077 24.7 24.9
MSB:Para:19071 Schistosoma spindale W558 31.7 23.4
MSB:Para:19074 Echinostomatidae: Echinoparyphium strain PS12 Neg.” 26.5
MSB:Para:19075 Strigeidae strain PS19 Neg. 30.4

“ Neg., negative by the 185 rDNA TagMan assay.

(Helisoma trivolvis, Physa acuta, and Radix auricularia), the para-
sitic nematode Angiostrongylus cantonensis (or any of the terres-
trial gastropod hosts of this nematode), or any other nonschisto-
some helminths or protozoans tested was observed (not shown in
Table 1). Both the primers and the probe selected were more spe-
cific to schistosomes, based on confirmation using BLAST
searches of the sequences in the GenBank database. The TagMan
assay resulted in the highly specific detection of schistosomes
without any false-positive results. All control DNA remained neg-
ative in each run.

Sensitivity of TagMan assay. The limit of detection of S. man-
soni by the TagMan assay was determined. The standard curves for
the assay were linear when the C;- values were plotted against the

y =-3.0885x + 37.669
39 A R? =0.9646

Ct Values

33 A

3

0.02 0.04 0.1 0.2
Log concentration (cercaria equivalent per PCR)

FIG 3 Standard curve for TagMan assay using S. mansoni cercaria DNA.
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starting cercarial equivalent per reaction (Fig. 3). An R* value of
0.96 and a slope of —3.1 were obtained for the TagMan assay. This
corresponds to calculated PCR efficiencies of 110%. A cercaria
equivalent of 0.02 cercaria per reaction was determined to be the
detection limit for the assay.

28S rDNA sequencing for identification. The C; values for the
28S rDNA real-time PCR assay ranged from 19 to 32 for the cer-
carial isolates that were positive using the 185 rDNA TagMan
assay (Table 1). All 28S rDNA PCR amplification products from
the 21 schistosome and 2 nonschistosome species were sequenced,
and the sequences were matched to the known available sequences
(in GenBank) for each isolate.

Detection limit of experimental method using seeded lake
water. Replicate experiments performed at multiple cercaria seed-
ing levels indicated that the use of the 18S rDNA TagMan PCR
assay in conjunction with DEUF enabled avian schistosome detec-
tion at a level of 5 Schistosoma mansoni cercariae in 100 liters of
surface water (Table 2). For experiments on nonseeded lake water
samples, no cercariae were detected. No appreciable PCR inhibi-
tion was observed, based on comparison of the C; values for the
internal control (IC) in assays of DNA from water concentrates
(C; range = 26.6 to 26.8) and those in the assay with the no-
template controls (average C value = 26.8).

Application of TagMan assay and sequencing analysis to lake
water samples. All three swimmers itch-related water samples
collected at Mormon Island Lake (Nebraska) in 2012 were nega-
tive by the 18S rDNA TagMan assay (Table 3). In contrast, two of
the four water samples collected from Twin Lake (Wisconsin) in
2012 were positive. The assay results for each duplicate sample
were the same (i.e., both were negative or both were positive).
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TABLE 2 Recovery and detection of seeded S. mansoni cercariae in
surface water by the combination of DEUF and 18S rDNA TagMan
PCR

Positive detection rate Avg C value by
Cercaria by 18S rDNA 18S rDNA ICCy
seed level TagMan assay” TaqMan assay value
1,000 1/1 30.0 26.7
12 2/2 34.9 26.6
5 2/2 39.4 26.6
1 0/2 Neg.” 26.8
0 0/2 Neg. 26.7

“ Data represent the numbers of samples positive/total number of samples tested.
b Neg., negative by the 185 rDNA TaqMan assay.

Double-stranded sequencing sometimes resulted in mixed results,
possibly as the result of the presence of a mixture of species in the
environmental samples, so only a single-stranded sequencing ap-
proach was selected for such samples. Using the 28S rDNA se-
quencing assay, a schistosome with a sequence closely related to
that of Trichobilharzia physellae was identified (Fig. 4) in one Twin
Lake sample (Wisc6024) and an opisthorchiid with a sequence
similar to that of Clonorchis sinensis was identified in another sam-
ple (Wisc6026).

During the 3-month study of Mormon Island Lake in 2013, 7
of 24 samples were positive by the 18S rDNA TagMan assay. The
28S rDNA sequencing assay yielded sequences that allowed fur-
ther characterization for all seven 18S rDNA TaqMan assay-posi-
tive samples (Table 4). Six of the sequences clustered with Gigan-
tobilharzia huronensis in a BLAST analysis of the sequences in
GenBank and grouped with avian schistosome B (unpublished
data, sequence not in GenBank) in the phylogenetic analysis
(Neb0529Middle, Neb0611Middle, Neb0619Middle, Neb0619West,
Neb0624West, and Neb0624Middle; Fig. 4). The sequence of the
seventh 18S rDNA TagMan assay-positive sample (Neb0624South) was
similar to the sequences of several species of Trichobilharzia in a
BLAST analysis of the sequences in GenBank but did not group
with any known species of Trichobilharzia in the phylogenetic
analysis. In 2014, two of the three samples collected from Mormon
Island Lake following reports of suspected swimmer’s itch were
positive by the 185 rDNA TagMan assay. The 28S rDNA sequenc-
ing assay indicated that these samples contained Trichobilharzia

TABLE 3 Avian schistosome detection by 18S rDNA TaqMan assay in
lake water samples collected in Nebraska and Wisconsin®

Sample 18S rDNA TagMan Identification based on 28S
identification no. assay result rDNA sequencing
Neb6015 Neg. None

Neb6016 Neg. None

Neb6017 Neg. None

Wisc6024 Pos. Trichobilharzia sp.
Wisc6025 Neg. None

Wisc6026 Pos. Opisthorchiid-like cercaria
Wisc6027 Neg. None

“ Samples were collected in 2012. Neg., negative by the 18S rDNA TagMan assay; Pos.,
positive by the 18S rDNA TagMan assay; None, no sequencing information was
obtained. Only samples that were positive by the TagMan assay were subjected to the
28S rDNA real-time PCR assay with SYTO 9 and sequenced. See Fig. 4 for phylogenetic
identification.
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Avian Schistosome B ex. Physa acuta
Neb0611Middle (2013)

Neb0624Middle (2013)

—| Neb0529Middle (2013)
Neb0619Middle (2013)
Neb0619West (2013)
Neb0624West (2013)

Gigantobilharzia huronensis ex. Physa spp.
Avian Schistosome D ex. Gyraulus parvus

Califomia cercariae ex. Haminoea japonica

83
Dendiritobilharzia pulverulenta ex. Gyraulus parvus

Avian Schistosome C ex. Gyraulus parvus
— Trichobilharzia stagnicolae ex. Stagnicola emarginata

Trichobilharzia querquedulae ex. Physa gyrina
Neb4750 (2014)
Neb4751 (2014)
11| Trichobilharzia physellae ex.Physa acuta/gyrina
Wisc6024 (2012)
Neb0624South (2013)
\—— Trichobilharzia regenti ex. Radix peregra
\— Trichobilharzia szidati FJ174476 ex. Lymnaea stagnalis
Trichobilharzia sp E FJ174480 ex. Stagnicola sp.
Trichobilharzia sp D FJ174481 ex. Stagnicola sp.
Allobilharzia visceralis
'— Anserobilharzia brantae ex. Gyraulus parvus

Schistosoma nasale
E Schistosoma spindale
100 Schistosoma mansoni

Schistosoma turkestanicum
Schistosomatium douthitti

100

100

Ornithobilharzia canaliculata
Austrobilharzia variglandis
— 0.01 substitutions/site

FIG 4 Phylogenetic tree based on 28S rDNA sequences. Samples in bold are
from the environmental samples collected for this study, and the year in which
the sample was collected follows the sample identifier. For the avian schisto-
somes, the GenBank accession number and/or the snail (ex.) from which it was
collected, where known, follows the taxonomic name. If there is no GenBank
number, then the samples were from this study and are described in Table 1.
The boxes indicate where the water samples grouped with previously identified
avian schistosomes, Trichobilharzia, and a yet to be characterized lineage of
avian schistosome B.

spp. (Table 5) that are associated with a group of taxa including
Trichobilharzia querquedulae (3).

DISCUSSION

Avian schistosomes are important pathogens of birds and can
cause cercarial dermatitis in humans exposed during recreational
bathing. Given the abundance of species of avian schistosomes
and their widespread occurrence, including those that cause cer-
carial dermatitis, it is important to develop molecular assays to
monitor their presence in environmental water samples. Such
tools will enable public health scientists to understand their tem-
poral distribution, evaluate exposure risks for bathers, and under-
stand the associated pathogenicity related to skin infections.

The development of accurate means of identification of avian
schistosomes using molecular tools is quite challenging, as more
than 100 species have been identified, and more are going to be
found. The traditional morphology-based identification of cer-
cariae is impractical in most cases. With respect to molecular iden-
tification, although considerable progress in revealing a much
broader representation of the schistosome diversity present has
been made, more progress is needed to provide definitive se-
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Detection of Avian Schistosomes in Water Samples

TABLE 4 Avian schistosome detection in water samples collected at Mormon Island Lake, Nebraska“

. Result
Sampling
site 28 March 15 April 29 April 13 May 29 May 11 June 19 June 24 June
South Neg. Neg. Neg. Neg. Neg. Neg. Neg. Pos. (Tr)
Middle Neg. Neg. Neg. Neg. Pos. (GHL) Pos. (GHL) Pos. (GHL) Pos. (GHL)
West Neg. Neg. Neg. Neg. Neg. Neg. Pos. (GHL) Pos. (GHL)

@ Samples were collected in 2013. Neg., negative by the 18S rDNA TagMan assay; Pos., positive by the 185 rDNA TaqMan assay. Trichobilharzia spp. (Tr) and avian schistosome
clade B, which is a Gigantobilharzia huronensis (GHL)-like organism, were identified by 285 rDNA sequencing and comparison with the sequences in the GenBank database by
BLAST analysis to be the most similar match for environmental samples Neb0529Middle (which tested positive for Gigantobilharzia huronensis), Neb0611Middle (which tested
positive for Gigantobilharzia huronensis), Neb0619Middle (which tested positive for Gigantobilharzia huronensis), Neb0619West (which tested positive for Gigantobilharzia
huronensis), Neb0624South (which tested positive for Trichobilharzia), Neb0624Middle (which tested positive for Gigantobilharzia huronensis), and Neb0624West (which tested

positive for Gigantobilharzia huronensis). See Fig. 4 for phylogenetic identification.

quence-based identifications, particularly for the fast-evolving ge-
nus Trichobilharzia (23). Nonetheless, it is now possible to use
sequence-based approaches to identify the genera, species groups,
or, in some cases, particular species that are implicated in causing
dermatitis outbreaks. Sequence-based approaches can now be
coupled with advances made in methods for collecting large-vol-
ume environmental water samples to offer a feasible way for
screening habitats at different points and times for the potential
for outbreaks.

Consequently, for this study, 21 isolates representing named
species or genetically distinct lineages across the phylogenetic tree
for the Schistosomatidae were selected to provide a representative
overview of potential causative agents of dermatitis and were then
characterized for both selected 18S and 28S rDNA sequences. A
broadly schistosome-reactive universal TagMan assay was de-
signed as a sensitive and specific screening assay to rapidly detect
the presence of cercariae in water. This 18S rDNA TaqMan assay
was found to be slightly more specific than the 28S rDNA PCR
assay (Table 1) and was determined to be highly sensitive (it was
able to detect the equivalent of 0.02 cercaria equivalents per PCR
[Fig. 3]). When applied to surface water samples, the 18S rDNA
TagMan assay yielded positive detections for 100-liter water sam-
ples seeded with 5 S. mansoni cercariae. The 185 rDNA TagMan
assay developed for the direct detection of cercariae in environ-
mental samples did not cross-react with DNA extracted from
snails or nonseeded lake water samples.

A total of 34 samples were collected from two lakes where sus-
pected cases of swimmer’s itch had been reported. Using the 18S
rDNA TagMan PCR screening assay, 11 of 34 samples (32%) were
positive for the presence of avian schistosomes. For these 11 sam-
ples, the 28S rDNA sequencing assay was able to identify an avian
schistosome to the genus level in 10 samples (91%). The most
common avian schistosome genus, Trichobilharzia, and avian

TABLE 5 Avian schistosome detection by 18S rDNA TagMan assay in
lake water samples collected in Nebraska“

Sample 18S rDNA TagMan Identification based on
identification no. assay result 28S rDNA sequencing
Neb4749 Neg. None

Neb4750 Pos. Trichobilharzia sp.
Neb4751 Pos. Trichobilharzia sp.

“ Samples were collected in 2014. Neg., negative by the 18S rDNA TagMan assay; Pos.,
positive by the 18S rDNA TagMan assay; None, no sequencing information was
obtained. Only samples that were positive by the TagMan assay were subjected to the
28S rDNA real-time PCR assay with SYTO 9 and sequenced. See Fig. 4 for phylogenetic
identification.
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schistosome lineage B, a schistosome related to Gigantobilharzia
huronensis (Fig. 4), were identified from Mormon Island Lake in
2013. Both of these schistosomes are known to use the physid
identified at Mormon Island Lake as intermediate hosts. Giganto-
bilharzia huronensis is a widely distributed North American avian
schistosome hosted by passerine birds like grackles and black-
birds, but currently, we do not know the identity of the bird host
for avian schistosome lineage B. Trichobilharzia physellae, another
common physid-transmitted avian schistosome, was putatively
identified from Twin Lake in Wisconsin. Therefore, on the basis of
the results obtained from the assay and subsequent phylogenetic
analysis, one may be more likely to encounter avian schistosome
lineage B (whose avian host is as yet unknown) in physid snails at
Mormon Lake in May and June. At Twin Lake, one may be more
likely to encounter a species of Trichobilharzia transmitted by
physid snails and ducks, likely either T. physellae or T. querquedu-
lae. The recovery from Twin Lake of an opistorchiid sequence
unrelated to schistosomes (Wisc6026) is not particularly surpris-
ing, as multiple nonschistosome digenetic trematode species are
transmitted in such habitats, and their cercariae are often abun-
dant in the water column. Consequently, some amplification of
sequences from nontarget cercariae might be expected in complex
environmental samples. Such caveats are not unexpected when
assays involving sampling of large volumes of water potentially
containing many diverse organisms are developed. Here we note
that the follow-up 28S rDNA sequencing provides a straightfor-
ward way to correct for false-positive signals that may occur using
the 18S rDNA TagMan screening technique.

Mormon Island Lake and Twin Lake have repeatedly been as-
sociated with swimmer’s itch over the years prior to this study. In
2012, suspected swimmer’s itch cases associated with swimming
in Mormon Island Lake were reported on 7 June. The lake was
subsequently closed, but water samples for this study were not
collected until 2 weeks later. During this 2-week period, snail pop-
ulations on the recreational beach were observed to be dramati-
cally reduced and bluegill fish were observed in significant num-
bers in the swimming area. The most common species of snail
found was a Physa sp. Bluegill are known to eat snails, and large
numbers of dead snails were observed in the beach area and in
nearby bluegill beds. The relatively early date of the dermatitis
outbreaks reported, followed by the appearance of many dead
snails, may also suggest that the outbreaks were due to infected
snails that had overwintered but, as is typical of many freshwa-
ter snails, died along with a cohort of the previous year’s snails by
early summer. The substantially reduced population of older
snails in the lake may have been associated with the negative avian
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schistosome water testing results obtained shortly after the initial
early outbreak. Testing undertaken later in the summer (July to
September), at a time sufficient to allow new infections to be ac-
quired by and to mature in a new generation of snails, may have
again yielded positive results. During the 2013 monitoring study
of Mormon Island Lake, positive avian schistosome detection was
obtained for a water sample collected on 29 May. Snails were not
observed until 19 June, coinciding with increased and stronger
positive detections in the water samples. The beach was closed for
swimming between 5 June and 23 June 2013 to prevent swimmer’s
itch; no reported cases of swimmer’s itch were associated with
Mormon Island Lake in 2013. In 2014, initial reports of swimmer’s
itch were associated with a lake exposure that occurred on 28 May,
and reports lasted through 15 June, when the beach was closed
(Neb4750 and Neb4751; Fig. 4). Unlike the earlier samples follow-
ing outbreaks, these species grouped with Trichobilharzia (Fig. 4).
Further studies incorporating environmental testing and epide-
miological investigations, especially covering the duration of the
transmission season from spring through late summer, would in-
crease the potential for correlating the findings of avian schisto-
some molecular testing and other environmental data with health
risks to prevent and control swimmer’s itch outbreaks.

This study demonstrates that a rapid TagMan assay can effec-
tively screen concentrated water samples for the presence of a
diverse array of schistosomes and that subsequent 28S rDNA se-
quence analysis can identify schistosomes in the samples. For fu-
ture deployment of this technique, it will be important to monitor
the ability of the 28S rDNA assay to obtain good-quality sequences
from environmental samples, as there is a possibility that chimeric
sequences can occur in the presence of cercariae of multiple spe-
cies or even genera within the samples. Depending on the goals of
the screening program to be initiated, we also note that investiga-
tors in other areas or with different goals could easily substitute
different primers to amplify sequences other than the 28S rDNA
sequences that we targeted in the follow-up to the initial 18S
rDNA TagMan screen. In fact, as the schistosome sequence data-
base becomes more complete, further evolution of this general
approach is to be expected. As avian schistosomes often have de-
fined patterns of host use, even provisional identification of the
specific schistosomes involved in outbreaks provides important
clues regarding the specific bird or snail species involved in con-
taminating the environments in the first place. The method devel-
oped here may also be useful to detect and identify avian schisto-
somes in lesions suffered by individuals with dermatitis if
confirmation of swimmer’s itch or ruling out of other causes of
dermatitis was necessary. Swimmer’s itch is by no means infre-
quent, and for many people, avian schistosomes may represent
one of the few exposures to helminth antigens that they will re-
ceive in their lifetime in North America. Better tools to detect the
cercariae involved will likely show that the potential for dermatitis
is even more common than generally recognized, including across
much of the developed world. Development of water testing and
molecular tools will assist state public health and natural resources
agencies in their response to suspected outbreaks and enable them
to improve prevention and response activities to reduce the public
health and economic impacts of swimmer’s itch on communities.
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